Abstract. In the paper, a novel Al 2 O 3 /SiO 2 /Nano-SiO 2 triple-layer antireflection coating (ARC) on GaAs wafer with lower reflectance range on broadband spectrum was developed by sol-gel method. The experiments showed that: (1) to obtain stable and transparent liquid Al 2 O 3 sol, the three crucial factors the concentration of aluminum isopropoxide, hydrolysis temperature and reflux time should be controlled well, which could be 0.68~1.04mol/L, 90~95℃, and longer than 10h respectively. (2) The Al 2 O 3 film and SiO 2 film would be thicker with the acceleration of withdrawal speed, be thinner with the rising of annealing temperature; and the refractive index would be lower with the rising of annealing temperature also. (3) The Al 2 O 3 film would put forward Boehmite (γ-AlOOH) structure after 200℃ annealing; while when the annealing temperature was higher than 200℃, the film showed γ-Al 2 O 3 phase, with refractive index 1.71, and film thickness could be adjustable from 74.1 nm to 161 nm.(4) The amorphous SiO 2 thin-film could be adjustable also, which refractive index ranged from 1.21 to1.45, thickness varied from 132.8nm to 219nm.
Introduction
The antireflection coating (ARC) could be necessary for solar cells which were effective devices of convert sunlight directly into electricity [1] [2] [3] [4] . While, the traditional single layer or double layers ARC could not be satisfied with multiple-junction solar cells based on GaAs, in which the wave range should be 350nm to 1850nm, even from 300nm to 1900nm. So developing a novel ARC combined traditional multi-layer structure with nano-microstructure could be available.
Sol-gel method [5] [6] [7] is widely applied in preparing thin film, in which the growth temperature is relatively low, and the refractive index of grown optical film could be controlled in a certain range. So in our work, a novel Al 2 O 3 /SiO 2 /Nano-SiO 2 three layers ARC based on GaAs wafer was investigated by sol-gel method (Czochralski method),that shows potential on GaAs-based multi-junction solar cells.
Experimental equipment and methods
Our experiments were carried on by the dip-coater SYDC-1 produced by ShangHai Sanyan experimental instrument limited company.
The Czochraliski method was adopted into growth of thin-films. The process was described briefly as following: putting cleaned substrate (GaAs single-crystal wafer) into the prepared Al 2 O 3 sol solution, lifting out with a certain speed of lift smoothly from sol, under the effect of viscosity and gravity, a layer of uniform Al 2 O 3 films could be formed on surface, after suitable annealing, the other two-layer SiO 2 films could be coated in proper order, which the refractive index was controlled, and the layer with n=1.1 should be nano-structure.
During the preparation of Al 2 O 3 thin films, aluminum isopropoxide (C 9 H 21 AlO 3 ) worked as precursors, deionized water as the solvent, and nitric acid as peptizes. The preparation described below:
(1) Mixing a certain amount of C 9 H 21 AlO 3 and deionized water, and stirring 2 hours.
(2) Adding nitric acid sol agent to obtain the PH value about 6~7.
(3) Reflux condensing 5~15h under70~95℃, to obtain stable boehmite sol (AlOOH).
(4) Putting the cleaned GaAs wafer on fixture of the dip-coater, and soaking into above AlOOH sol for 50 seconds, then lifting it up at a certain speed, drying the film in the air for 15 minutes.
(5) The anneal temperature should be 400~800℃, and lifting rate should be 2.5~15cm/min.
During the preparation of SiO 2 films, ethyl orthosilicate (TEOS) played as precursor, anhydrous ethanol as solvent, ammonia water and hydrochloric acid as catalyst. Meanwhile, catalysis of acid and of caustic was applied in fabrication of SiO 2 thin films. The brief process described below:
(1) Sol A by catalysis of caustic (2) Sol B by catalysis of acid (3) Stirring the mixture of Sol A and sol B with a certain volume rate, and recirculating for a few hours. Then the SiO 2 sol with adjustable refractive index could be obtained. The practical results showed that, the stability of Boehmit sol seemed be sensitive with aluminum isopropoxide concentration, hydrolysis temperature and time, and the amount of nitric acid gel solvent as well.
Seen from table 1, it was obviously that, to obtain clear and stable sol, the concentration of aluminum isopropoxide should be ranged 0.68~1.04mol/l. Otherwise, there was white precipitate in it. and reflux time to 15h further, the clear and stable sole could be gotten. Therefore, a conclusion could be drawn that higher hydrolysis temperature and longer reflux time would be benefit for sufficient hydrolysis, which should bring about fewer precipitation, stability and transparency.
As shown in figure 1(a figure 1(b) . There, the annealing temperature were 200℃, 400℃, 600℃ and 800℃, and annealing time was the same 30min.
The comparison revealed that there was little variety when temperature changed from 400℃ to 600℃; and refractive index would decrease slowly from 1.71, when temperature was 200℃; while from 600℃, the value would be depress rapidly then; finally, when temperature was 800℃, the value of refractive index was 1.58. It could be explained that higher temperature would lead to volatilization of solvent and decomposition of unstable material, which induced interspace manifold or cracking. Correspondingly, X-ray diffraction of Al 2 O 3 thin films was carried out, as shown in figure 2. After annealing under 200℃, there were two more apparent characteristic peak at 27.3° and 47.5°. And comparing with PDF standard card, they should be diffraction peaks corresponding crystal plane (120) and (200) of Boehmite (γ-AlOOH) structure. When annealing temperature was greater than 200℃, additional peak would appear at 56.2, which is the characteristic peak of γ-Al 2 O 3 phase. 
Preparation of SiO 2 thin films
Similarly, we would discuss the fabrication of SiO 2 thin films. Firstly, our experiments resulted in, as shown in fig.3(a) , that controlling lift speed could obtain the expected thickness. There, the volume ratio of sol B and sol A was 0.83, annealing temperature was 100℃. Obviously, the faster lift speed was, the thicker films grew, which could be simulated as d 1 =89.72v 1 0.38 . And the thickness was ranged from 132.8nm to 219nm. In the equation, d and v have the same meaning as above.
Furthermore, the thickness and refractive index of SiO 2 thin films prepared under different annealing temperature were investigated, as shown in figure 3(b) . Here, the annealing temperature were 100℃, 200℃, and 300℃, and annealing time was the same 30min.
As can be seen, the thickness of SiO 2 thin films decrease rapidly with the increase of annealing temperature, it could be explained that higher temperature would cause thinner film. And when the temperature was lower than 200℃, refractive index performed almost same; while it higher than 300 ℃, the value would decrease rapidly to 1.41. Correspondingly, X-ray diffraction of SiO 2 thin film was carried out, as shown in figure 4 . As can be seen, there were no apparent characteristic peak after annealing, and SiO 2 thin film belong to amorphous. 
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Conclusion (1) To obtain stable and transparent liquid Al 2 O 3 sol, the three crucial factors the concentration of aluminum isopropoxide, hydrolysis temperature and reflux time should be controlled well, which could be 0.68~1.04mol/L, 90~95℃, and longer than 10h respectively.
(2) The Al 2 O 3 film and SiO 2 film would be thicker with the acceleration of withdrawal speed, be thinner with the rising of annealing temperature; and the refractive index would be lower with the rising of annealing temperature also. The Al 2 O 3 film and SiO 2 film would be thicker with the acceleration of withdrawal speed, be thinner with the rising of annealing temperature; and the refractive index would be lower with the rising of annealing temperature also.
(3) The Al2O3 film would put forward Boehmite (γ-AlOOH) structure after 200℃ annealing; while when the annealing temperature was higher than 200℃, the film showed γ-Al2O3 phase, with refractive index 1.71, and film thickness could be adjustable from 74.1 nm to 161 nm.
(4) The amorphous SiO 2 thin-film could be adjustable also, which refractive index ranged from 1.21 to1.45, thickness varied from 132.8nm to 219nm.
